Introduction
Chromosome segregation in eukaryotic cells depends on attachment of sister kinetochores to microtubules emanating from opposite poles of the cell, a process known as amphitelic attachment or biorientation [2] . This is achieved at least partly because of a system that corrects errors. Connections between kinetochores and microtubules are selectively stabilized, or rather become refractory to the disrupting effect of the Aurora B kinase, by tension created when bioriented sister chromatids [3] are pulled in opposite directions while being held together by the cohesin complex [4] . Disjunction of sister chromatids at the onset of anaphase is eventually triggered by cleavage of cohesin's kleisin subunit at the hands of a highly regulated protease called separase [5, 6] , which is kept inactive for most of the cell cycle through the binding of an inhibitory chaperone called securin and phosphorylation by cyclin B/Cdk1 kinase [7] . Separase is activated only through destruction of securin and cyclin B at the hands of an ubiquitin protein ligase called the anaphase-promoting complex or cyclosome (APC/C) when all chromosomes have bioriented [8] .
Because it triggers the removal from centromeres of the Aurora B kinase [9] as well as the loss of sister-chromatid cohesion, the APC/C must not be activated until chromosome biorientation has been completed. The regulatory mechanism responsible for delaying anaphase in this manner, known as the spindle assembly checkpoint (SAC) [10] , requires, among others, the Mad1, Mad2, Bub1, and BubR1 proteins. With the help of Bub1, Mad1 binds to unattached, mono-oriented, or syntelically attached kinetochores and catalyzes sequestration of the APC/C's Cdc20 activator protein by a protein called Mad2. The Cdc20/Mad2 complex, together with yet another SAC protein called BubR1, binds to the APC/C and blocks its ability to ubiquitinylate either securin or cyclin B. Production of inhibitory Cdc20/Mad2/BubR1 complexes only ceases when all chromosomes have bioriented, which triggers the ubiquitinylation and subsequent destruction of securin and cyclin B by the APC/C, which in turn activates separase and triggers sister-chromatid disjunction. In the cells of some organisms, such as yeast [11] and flies [12] , the SAC is not essential for mitosis, though it greatly reduces rare missegregation events. Loss of the SAC in mammalian cells, on the other hand, causes premature sister-chromatid disjunction and as a consequence massive chromosome missegration and lethality [13, 14] . Presumably because of the SAC, a single misaligned chromosome delays the onset of anaphase in tissue-culture cells [15] .
During the first meiotic division, biorientation of sister kinetochores is explicitly blocked and the tension necessary to ensure that kinetochores attach stably to microtubules is instead created by traction toward opposite poles of maternal and paternal kinetochores, whose disjunction is prevented by the chiasmata holding bivalent (tetrad) chromosomes together [16] . The first meiotic division is eventually triggered by destruction of sister-chromatid cohesion by separase along chromosome arms but not at centromeres. This resolves chiasmata, splitting the bivalent into two meiosis II (dyad) chromosomes, each containing a parental and a recombinant chromatid.
A suggestion that the SAC might be missing in vertebrate oocytes and that this could explain the high incidence of human aneuploidy comes from studies of XO mice, which carry only a single X chromosome but are phenotypically female. Despite not having a homologous X chromosome available for recombination, such females are fertile, albeit at a reduced level. In one-third of oocytes, sister chromatids disjoin precociously at anaphase I, producing eggs with individual X chromatids, but in the remaining two-thirds of oocytes, univalent X chromosomes segregate, without any major delay in the onset of anaphase, either to the egg or to the first polar body [17, 18] . If the SAC were effective in oocytes, it should surely detect mono-oriented univalent X chromosomes and block the first meiotic division, so the argument goes.
The notion that the SAC is ineffective in oocytes has been challenged by the finding that inhibitors such as nocodazole, which interfere with microtubule dynamics, clearly block polar body extrusion (PBE) [19, 20] and the onset of securin proteolysis [21] [22] [23] . Depletion of Mad2 through injection of morpholino antisense oligonucleotides alleviates, albeit only partially, the inhibition of securin destruction and permits a minor fraction of oocytes to undergo polar body extrusion (PBE) in the presence of nocodazole. It also induces modest chromosome missegregation at meiosis I in untreated oocytes, possibly by advancing the onset of securin destruction by about 60 min [21] . Meanwhile, injection into GV mouse oocytes of mRNAs that overexpress an N-terminal fragment of Bub1 (Bub1 dn, aa1-331), which binds to kinetochores and is thought to block activity of the endogenous protein, advances PBE by 3 hr [24] . However, the experimental approaches hitherto used to address the role of the SAC in oocytes suffer from a number of drawbacks. These include the likelihood of incomplete knockdown RNA interference, the certainty that at least half the Mad2 protein persists in the Mad2 +/2 oocytes [25] , and the possibility that overexpressed Bub1 dn [24] and Mad2 dn [20] have unknown or unforeseen effects. To overcome these limitations, we created mice in which the BUB1 gene is deleted specifically in oocytes.
Results

Deletion of BUB1 in Oocytes Causes Sterility and Advances Polar Body Extrusion
To inactive Bub1 in oocytes, female mice with exons 7 and 8 of the BUB1 gene flanked with LoxP sites (BUB1 F ) [14] were crossed to males that express Cre recombinase under the control of the Zona pellucida 3 promoter (Zp3-Cre) [26] , which is expressed exclusively during the early stages of growing oocytes [27] . Genotyping of offspring from crosses of BUB1 To investigate Bub1's function during oocyte maturation, fully grown GV-stage mouse oocytes were harvested in the presence of IBMX from BUB1 F/F females and BUB1 F/F Zp3-Cre females (bub1 D/D ). The two sets of oocytes underwent germinal vesicle breakdown (GVBD) with similar kinetics and efficiency upon removal of IBMX (data not shown). In contrast, the interval between GVBD and PBE was reduced from 08:30 6 01:12 (n = 48) to 05:23 6 01:04 hr (n = 57) by Bub1 depletion ( Figure 1A ). The fraction of cells that extruded a second polar body when cultured for 24 hr was equally low in BUB1 F/F and bub1 D/D oocytes (data not shown), which is consistent with the previous finding that CSF arrest was unaffected by a putatively dominant-negative Bub1 protein [24] . Strikingly, 75% of bub1 D/D oocytes (n = 24) extruded the first polar body 07:20 6 01:42 hr after GVBD (n = 18) in the presence of 5 mM nocodazole, a treatment that completely blocks PBE in BUB1 F/F oocytes (n = 14) ( Figure 1B) . forming a compact metaphase plate. Dyad chromosomes within the egg subsequently congressed to form metaphase plates on meiosis II spindles. In bub1 D/D oocytes, chromosome segregation commenced before all chromosomes had congressed. Chromosome segregation was also invariably asymmetric in bub1 D/D oocytes and often accompanied by the appearance of individual chromatids (monads). Meiosis II bipolar spindles formed (albeit longer than normal) despite the highly abnormal meiosis I chromosome segregation, but many of the egg's chromosomes failed to congress to the center of these spindles and instead moved back and forth between the poles in a highly dynamic fashion.
To measure the chromosome congression defects in bub1
oocytes, the chromosome segregation axis was determined for each individual cell ( Figure S1 ). This was not always possible in bub1 D/D oocytes and we therefore analyzed only oocytes whose axes could be determined unambiguously and were parallel to the imaging plane. A rectangular box (with a defined size) perpendicular to the segregation axis was positioned in each of the five frames prior to that in which chromosome segregation was first observed. This was done in a manner that maximized the amount of chromosomal DNA contained within the rectangular box. In BUB1 F/F oocytes, the maximum amount of DNA contained within the box varied very little between 60 min (81.1% 6 12.4%, n = 8) and 12 min (83. 4% 6 6.9%) prior to anaphase I ( Figure 2B ). This figure is therefore a measure of maximum chromosome density, which is clearly enhanced by the process of chromosome congression. In bub1 D/D oocytes, the equivalent maxima were merely 51.3% 6 13.9% (n = 8) at 60 min and 42.0% 6 10.1% at 12 min prior to anaphase (p < 0.001 at all time points).
To document chromosome missegregation in bub1
oocytes, we prepared chromosome spreads from BUB1 Table S1 ). We observed two types of numerical abnormality: cosegregation to the oocyte of both dyads produced by chiasmata resolution and the presence of single chromatids, indicating precocious loss of sister-chromatid cohesion at centromeres. The frequency with which dyads cosegregated varied between chromosomes, ranging from 5% to 30%, as did the fraction of chromatids present as single chromatids. Most of the latter were present as pairs, either two or four copies. These data imply that loss of Bub1 causes two independent types of aberration: first, nondisjunction of whole chromosomes at meiosis I, and second, a failure to hold sister centromeres together after the first meiotic division, which would cause missegregation at meiosis II but not at meiosis I. The finding that MII bub1 D/D oocytes sometimes contain all four chromatids implies that individual chromosomes can simultaneously suffer both types of aberration. We conclude that Bub1 is important for congression of bivalents on the meiosis I spindle, disjunction of dyads at meiosis I, and persistence of sister-centromere cohesion until meiosis II.
APC/C Is Required for Meiosis I
To address whether the precocious PBE in bub1 D/D oocytes is due to premature activation of the APC/C, we used mice in which exons 2 to 4 of the gene encoding the APC/C's Apc2 subunit were flanked by LoxP sites (APC2 F ). Zp3-Cre converted ten out of ten APC2 F alleles to apc2 D in the female germline. Moreover, three out of three APC2 F/F Zp3-Cre females failed to become pregnant when kept with wild-type males for 3 months or more. APC/C activity within oocytes is therefore essential. We observed in some but not all crosses that APC2 F/F Zp3-Cre females possessed many fewer GV oocytes than did their APC2 F/F littermates. The reason for this is that most oocytes had clearly already undergone GVBD in vivo. Ovary dissection revealed 9 GV and 28 GVBD oocytes from a APC2 F/F Zp3-Cre female and 12 GV and 22 GVBD oocytes from a BUB1 F/F APC2 F/F Zp3-Cre female, even when dissection was performed in 5 times the normal concentration of IBMX. In contrast, a BUB1
F/F littermate produced 41 GV and no GVBD oocytes. Importantly, of those apc2 D/D GV oocytes that underwent GVBD only upon removal of IBMX, none underwent PBE ( Figure 3A ). The APC/C is therefore essential for the first meiotic division, as previously suggested [28] . It is very possibly also important for holding oocytes in prophase prior to GVBD [29] .
A Quantitative Assay for APC/C Activity in Oocytes
One of the APC/C's key substrates is securin, whose destruction can be visualized in oocytes by injecting moderate amounts of mRNA encoding fluorescently tagged securin (securin-EGFP) [23, [30] [31] [32] . To test whether destruction is mediated by the APC/C, we used confocal microscopy to measure securin-EGFP fluorescence after injection of apc2
F/F GV oocytes. Neither the first meiotic division nor the rapid drop of securin-EGFP levels ( Figure 3B ) that precedes PBE in APC2 F/F oocytes ( Figure 3D ) took place in apc2 D/D oocytes. Instead, levels increased continuously for 24 hr, eventually approaching a plateau as the rate of increase gradually declined ( Figure 3C ). Bivalent chromosomes (marked with histone H2B-cherry) congressed to a metaphase plate but were not converted to dyads and no polar bodies were extruded ( Figure 3B ).
Because injection of securin-EGFP mRNA had no effect on the timing of PBE in wild-type oocytes, even at the highest levels ( Figure S2 ), its destruction can be used as a marker for the proteolysis of endogenous securin. The rate of APC/Cdependent securin-EGFP proteolysis should be derivable from the first differential (slopes) of EGFP accumulation curves. The rate of change of securin mRNA (M) and protein (S) can be described by two differential equations (DE):
Degradation of securin mRNA (M) is assumed to be first order, with rate constant k d m (time 21 ). Securin synthesis (i.e., translation) is described by the first term in the securin DE (k S $M) whereas its degradation is described by APC/C-independent (k d ') and APC/C-dependent (k d $ APC) terms. APC refers to active APC/C concentration and k d to its specific activity or turnover rate. Because these cannot be estimated separately, we simply refer to k d $ APC as APC/C activity. The key point is that this is not constant during oocyte maturation, with a large rise being responsible for the rapid drop in securin levels shortly before PBE. Importantly, k d $ APC can be calculated at each time point from the temporal pattern of its substrate (securin-EGFP) levels. Thus: ), the securin-EGFP level (S), and its rate of change (dS/dt, which is the slope of the securin curve).
The securin accumulation data in apc2 D/D oocytes do not provide any information about the stability of securin mRNA (k d m ), but it turns out that this can be estimated from changes in securin-EGFP levels in APC2 F/F oocytes, where the time derivative of securin levels (dS/dt) becomes positive again (because of mRNA translation) after APC/C-dependent securin degradation during anaphase of MI ( Figure 3E ). Importantly, the maximal value of dS/dt is greater than 80% of its value at GVBD (15 hr previously), implying that the rate of mRNA degradation is negligible. We therefore assumed that k d m = 0. The kinetic parameters, k S $M 0 = 1.05 h 21 and k d ' = 0.1 h 21 , were estimated (see Figure S3 ) from the securin-EGFP data of apc2 D/D oocytes ( Figure 3C ), where k d $APC is zero. With these kinetic parameters in hand, we can use values of S ( Figure 3D ) and dS/dt ( Figure 3E ) to calculate APC/C activity during meiotic progression ( Figure 3F ). Because the dominating terms are the securin levels (S) and its time derivative (dS/dt), the activities calculated are in fact quite insensitive to the precise kinetic parameter values. APC/C activity was also calculated assuming Michaelis-Menten rather than firstorder degradation kinetics for securin ( Figure S4 ).
These calculations reveal that APC/C activity relaxes rapidly to zero after GVBD, remains at this low level until about 10 hr after GVBD, increases dramatically shortly before the first meiotic division, and then drops back to a low but nonzero value ( Figure 3F ). Unlike peak levels during MI, resting APC/C activity during CSF arrest is sensitive to the value of k d m : the higher the rate of mRNA degradation, the lower the implied APC/C activity. Importantly, kinetic parameter combinations consistent with zero APC/C activity in MII are unrealistic because they predict negative APC/C activity during meiotic progression. We are therefore confident that APC/C activity against securin is not completely turned off during MII CSF arrest. Incomplete inhibition by Emi2 could be responsible for the gradual turn-over of cell cycle regulators at this stage of the meiotic process [33] .
Premature APC/C Activation in bub1 D/D Oocytes To test whether APC/C activation precedes precocious chromosome segregation in oocytes lacking Bub1, we imaged oocytes from BUB1 F/F Zp3-Cre and BUB1 F/F females after their injection with securin-EGFP and histone H2B-cherry mRNAs (Figures 4A and 4B ; Movie S1). In BUB1 F/F oocytes, APC/C activity reaches a maximum at the time of chromosome segregation ( Figure 4C , green arrowheads), about 12 hr after GVBD. The kinetics of the rise and fall of APC/C activity was similar in bub1 D/D oocytes, but strikingly the burst of APC/C activity occurred 4-5 hr earlier. The implication is that Bub1 is necessary to inhibit APC/C activity for a large fraction of the period between GVBD and PBE. To our surprise, we found that Bub1 causes a similar delay in APC/C activity toward cyclin A-GFP ( Figure S5 ).
Individual activity curves were aligned and an average activity curve calculated ( Figure 4D ). This reveals that there is little or no significant difference in maximal APC/C activity between BUB1 F/F and bub1 D/D oocytes, the only difference being the timing of the meiosis I burst of activity. It also shows that APC/C activity rises in an exponential fashion for 3-4 hr in BUB1
F/F and bub1 D/D oocytes ( Figure 4E ). There was a small difference in their exponents (20.66 in the mutant versus 20.84 in the wildtype), implying a slightly more ''explosive'' activation in BUB1 F/F than in bub1 D/D oocytes. Interestingly, the period of exponential increase lasted nearly 4 hr in both sets of oocytes.
Premature Chiasmata Resolution in bub1
D/D Oocytes Depends on APC/C and Separase Many events are advanced by 4-5 hr in bub1 D/D oocytes. Some are normally associated with the first meiotic division, namely securin destruction, chiasmata resolution, and PBE, whereas others such as loss of centromeric cohesion normally only take place at the second meiotic division. Temporal dislocation on this scale has hitherto not been documented in SAC mutants and it was therefore important to address whether premature activation of the APC/C (and thereby separase) was responsible. Because the tripeptide proteasome inhibitor MG132 was found to depress securin-EGFP synthesis ( Figure S6) , we addressed the APC/C's role by analyzing oocytes from Bub1 flox/flox Apc2 flox/flox Zp3-Cre females, in which both Apc2 and Bub1 are depleted. The phenotype of such oocytes was similar, though not identical to those from Apc2 flox/flox Zp3-Cre females. They did not extrude polar bodies and, after injection of securin-EGFP mRNAs, accumulated EGFP fluorescence in an asymptotic fashion over a 20 hr period ( Figure 5A and data not shown). Congression of bivalents was, however, inefficient and they did not form compact metaphase plates ( Figure 5B ). Despite this, many if not most bivalents clearly came under tension, indicating biorientation of maternal and paternal kinetochores ( Figure 5C ). Importantly, chiasmata were not resolved ( Figure 5C ). Precocious APC/C activity must therefore be responsible for many of the phenotypes caused by Bub1 depletion. It is difficult to know whether the defective congression of bivalents in apc2 Figure 6A with Figure 4D ) and PBE, causing both events to occur with a timing similar to that of BUB1 not shown) demonstrated that the (average) interval between GVBD and PBE with wild-type Bub1 mRNA was 11:07 6 01:08 hr (n = 10). It was 07:15 6 00:38 hr (n = 9) with NS-Bub1 mRNA and 10:07 6 01:02 hr (n = 14) with Bub1-KinD mRNA.
The difference between NS-Bub1 and wild-type was statistically significant (p < 0.001) as was that between NS-Bub1 and Bub1-KinD (p < 0.001). Though the error bars overlap considerably, the small difference in timing between oocytes injected with wild-type and Bub1-KinD mRNA appears to be real, with p = 0.041. Securin-EGFP levels were quantified and transformed into APC/C activity curves that were then aligned and averaged ( Figure 6B ). The average interval from GVBD to peak APC/C activity was 07:20 6 00:43 hr with NS-Bub1 mRNA, 11:02 6 01:03 hr with wild-type Bub1 mRNA, and 10:04 6 01:04 hr with Bub1-KinD mRNA. The differences between Bub1-KinD and NS-Bub1 mRNA was highly significant (p < 0.001) whereas the difference between wild-type and Bub1-KinD was less so (p = 0.039). These data suggest that much of the delay in APC/C activation resulting from Bub1 can also be performed by a version completely lacking its kinase domain. Indeed, the shape of the APC/C activation curves is very similar with and without Bub1's kinase domain ( Figure 6B ). This domain is nevertheless highly conserved and appears from our data to enhance Bub1's ability to regulate (delay) APC/C activation and anaphase onset.
Wild-type Bub1 and Bub1-KinD but not NS-Bub1 mRNA (p < 0.001) restored chromosome congression in bub1 D/D oocytes to wild-type levels (compare Figure 6C with Figure 2B ). There was, however, a small statistically significant difference between wild-type and KinD mRNAs at the final time point, 14 min prior to segregation. The kinase activity of Bub1 can only have a minor function, if any, in regulating chromosome congression.
Discussion
The notion that the SAC may be unimportant or ineffective in oocytes still persists [35] despite evidence to the contrary [19, 21, 24, 25, 36] . We describe here the consequences of depleting a key SAC component, namely Bub1, by oocytespecific deletion of a floxed allele of the BUB1 gene. This adversely affects chromosome congression, advances chiasmata resolution and polar body extrusion by 4-5 hr, and causes precocious separation of sister centromeres. By using a quantitative assay for APC/C activity and analyzing the phenotypes of double mutants, we show that the precocious chiasmata resolution and PBE caused by loss of Bub1 is accompanied by and depends on premature activation of the APC/C and separase. Our data prove that the SAC has a fundamental role in regulating anaphase in oocytes and that it largely performs this function independently of Bub1's kinase domain.
Our measurements show that APC/C's activity toward securin remains very low from GVBD until 3 hr before PBE, at which point it rises at an exponential rate, peaking shortly before PBE, before declining to a low but significant level during CSF arrest. There are two possible explanations for the exponential APC/C activation (suggestive of an autocatalytic process). Given that the SAC depresses APC/C activity during the process of exponential activation in wild-type oocytes, it is the first PBE were spread whereas all bub1 D/D oocytes expressing H2B-mCherry and securin-EGFP were observed by time-lapse confocal microscopy. A subset of the oocytes was also microinjected with Bub1 mRNA, a further subset was microinjected with NS-Bub1 mRNA, and the remainder were not microinjected with Bub1 mRNA. Securin-EGFP levels were measured at each time point and average APC/C activity curves for each group of oocytes were calculated and plotted against time as previously. (B) As in (A) except the third group was also microinjected with mRNA for a Bub1 kinase-deletion mutant (Bub1-KD).
(C) The oocytes described in (A) and (B) were analyzed as in Figure 2B to measure the extent of chromosome congression.
conceivable that APC/C activity inactivates a SAC component, such as Mad2 [37, 38] or Mps1 [39] and/or Aurora B [9] kinases. Alternatively, the exponential rise in the rate of securin destruction could come about because of competition with a competing APC/C substrate whose destruction must precede that of securin. Cyclin A might be such a protein. However, we found no major difference in the kinetics of securin and cyclin A destruction (see Figure S5) .
If inactivation of the SAC drives APC/C activation in wildtype oocytes, what process does so in oocytes lacking Bub1? More precisely, what changes occur in bub1 D/D oocytes during the 7 hr interval between GVBD, when cyclin B/Cdk1 is presumably activated, and the complete activation of the APC/C fully 7 hr later? Phosphorylation of several APC/C subunits accompanies its activation in mitotic cells [40, 41] , though the physiological significance of this phosphorylation has not been addressed. It is conceivable that a battle between mitotic kinases and phosphatases takes place during this period, with the former finally triumphing. Our finding that the process of APC/C activation is exponential in bub1
oocytes potentially adds a new player, namely the APC/C itself, which might activate itself via a positive feedback loop. We note that the variation in time between GVBD and full APC/C activation in bub1 D/D oocytes (38 min) was half that in wild-type ones (74 min). Presumably, the process activating the APC/C without a SAC is not subject to the vagaries of the stochastic process of kinetochore capture and biorientation. How might the APC/C promote its own activation? It has been suggested that inhibition of APC/C mediated ubiquitinylation of securin because its phosphorylation by Cdk1 makes the process more switch-like in yeast [42] . This model cannot account for the switch-like nature of securin destruction in oocytes because separase, a key part of the yeast autoactivation process, is not required for the exponential rise in APC/C activity in oocytes lacking both Bub1 and separase (data not shown).
Another function of the APC/C revealed by this work stems from our finding that oocytes whose Apc2 subunit has been depleted during their growing phase appear to re-enter the meiotic program precociously, apparently undergoing GVBD en masse within the ovary. This raises the possibility that the APC/C is at least partially active during the long prophase arrest in oocytes and that without it oocytes are more likely to re-enter the first meiotic division, possibly in the absence of the luteinizing hormone surge that normally induces this event. A related phenomenon, though one whose physiological significance is less clear, is the recent finding that antisense morpholinos directed against Cdh1 mRNA permit a fraction of GV oocytes to undergo GVBD in vitro in the presence of phosphodiesterase inhibitors that normally block this process [29] . The importance of molecular mechanisms controlling prophase I arrest in oocytes during folliculogenesis was recently demonstrated by disruption of PTEN, a regulator of phosphatidylinositol 3-kinase, which caused a reduction of the oocyte pool at an early age leading to premature ovarian failure (POF) [43] . In apc2 D/D oocytes we have observed a similar effect and it is therefore conceivable that disruption of normal APC/C activity in growing oocytes might contribute to POF.
Our data suggest that Bub1 may have at least two other functions within oocytes besides delaying APC/C activation, namely to facilitate congression of bivalents on meiosis I spindles and prevent premature destruction of sister-centromere cohesion. It is important to point out that we cannot at this stage be certain that the congression and cohesion defects are not at least partly caused by the premature APC/C activation. It is easy to imagine that by giving cells less time to biorient bivalents, premature APC/C activation would by itself hinder their congression. It is less easy to imagine why it would hinder the mechanism that normally protects sister-chromatid cohesion at centromeres from separase during meiosis I. The precocious separation of sister centromeres in bub1
oocytes is reminiscent of the situation during meiosis I in yeast where Bub1 is necessary for the recruitment to centromeres of shugoshin proteins (e.g., Sgo1) that protect cohesin from separase [44] [45] [46] . Bub1 might act in a similar fashion in oocytes, helping to recruit Sgo1 or Sgo2 to centromeres. Because the precocious loss of sister-chromatid cohesion at centromeres in bub1 D/D oocytes is not fully penetrant, afflicting less than one-third of all chromosomes, there must also exist a mechanism conferring protection that is Bub1 independent.
In the light of our finding that the SAC delays APC/C activation by 4 to 5 hr, the massive missegregation in aging human females cannot be attributed to an inherently ineffective SAC in oocytes. It is nevertheless conceivable that the SAC might work less effectively as oocytes ages and that this facilitates production of aneuploid gametes. It is also important to point out that our work does not address whether the delay in APC/C activation caused by Bub1 involves signaling from kinetochores that have not yet attached to microtubules. Indeed, it remains mysterious why univalent X chromosomes fail to block meiosis I in mouse oocytes. It seems implausible that oocytes would possess a SAC that cannot monitor the correct attachment of individual chromosomes and yet univalent X chromosomes apparently do not greatly delay APC/C activation. A recent study has shown that the sister kinetochores of univalent chromosomes in meiosis I oocytes can become bioriented on the meiosis I spindle, apparently satisfying the requirements of the SAC and contributing to chromosome missegregation [36] . Further insight into this process could be gained by monitoring activity of the APC/C and the actual movement of univalent chromosomes during meiosis I using the sort of techniques described in this paper.
Experimental Procedures
Mouse Strains Generation of BUB1 F/F [14] , SEPARASE F/F [47] , and APC2 F/F [48] mice has been described previously. A transgenic mouse line that expresses Cre recombinase from the Zona pellucida 3 promoter (Zp3-cre) [26] was purchased from the Jackson Laboratory. Mouse strains used were of mixed C57BL/6J and 129/Sv backgrounds.
Oocyte Culture and Microinjection
Fully grown mouse GV-stage oocytes surrounded by cumulus cells were isolated by disaggregating ovaries in M2 medium (Specialty Media, Millipore, Watford, UK, or Sigma-Aldrich) supplemented with 200 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich) at 37 C. Oocytes released from most of the surrounding cumulus cells were cultured in drops of medium (w50 ml) covered with mineral oil (Sigma-Aldrich). Oocytes were matured in M16 medium (Specialty Media) at 37 C in the presence of 5% CO 2 . Only oocytes that had undergone GVBD (germinal vesicle breakdown) within 90 min after release into IBMX-free medium were selected (time 0 hr after GVBD) and cultured further for experiments. In experiments where oocytes were cultured in medium containing nocodazole at 5 mM or MG132 at 10 mM, controls were treated with an equivalent amount of ethanol or DMSO solvent, respectively. MII-arrested oocytes were obtained from females superovulated by intraperitoneal (i.p.) injection of PMSG (5 IU) followed 48 hr later by i.p. injection of human chorionic gonadotropin (hCG; 5 IU). Oocytes were isolated from oviducts approximately 16 hr after hCG and freed from cumulus cells by hyaluronidase (200 IU/ml, Sigma-Aldrich). GV oocytes were microinjected in M2 media supplemented with IBMX with a FemtoJet microinjector (Eppendorf) with 5-10 pl of mRNAs at a final concentration of 0.1 mg/ml in RNase-free water (Ambion) into the cytoplasm. Up to two different mRNAs were mixed together prior to injection. Control and experimental oocytes for a single experiment were imaged simultaneously, distinguished by coinjection of 10 kDa Cascade-Blue-labeled dextran into one group. After approximately 1-2 hr to allow for protein expression, oocytes were matured.
Chromosome Spreads
Chromosome spreads from mouse oocytes were prepared as previously described [49, 50] . See Supplemental Data for further details.
SKY Analysis
BUB1
F/F and BUB1 D/D mice were primed with 5IU PMSG, then 48 hr later with 5IU hCG, and oviducts were isolated 16-18 hr after hCG. The cumulus-enclosed oocytes at the second meiotic division (MII) were released into M2 medium with 1% hyaluronidaze for 5-10 min. Cumulusfree oocytes were fixed in methanol-acetic acid solution (3:1). Slides were aged for 2-3 days at the room temperature and then hybridized with the SKY probe (Applied Spectral Imaging) according to the manufacturer's instructions. SKY image acquisition and analysis was performed on a Zeiss Axioscope 2 microscope equipped with SpectraCubeTM at 6003 with Spectral Imaging Expo 2.6 software.
Live Imaging and Quantitative Analysis of Data
Oocytes were cultured in a PeCon (Erbach, Germany) environmental microscope incubator allowing the maintenance of a 5% CO 2 atmosphere with humidity at 37 C during time-lapse experiments. A customized Zeiss LSM510 META confocal microscope equipped with Plan-Neofluor 203/0.5, C-Apochromat 403/1.2 NA water immersion or C-Apochromat 403/1.2 NA water immersion objective lenses was used for image acquisition. For detection of Cascade-Blue dextran, EGFP, YFP, and mCheery, we used 405 nm, 488 nm, 514 nm, and 561 nm excitation wavelengths and LP 420, BP 505-550, BP 530-600, and LP 575 filters. Chromosomes labeled with H2B-mCherry were tracked with an EMBL-developed tracking macro [51] adapted to our microscope. Image stacks were captured every 12-15 min for 16-20 hr. Quantitative analysis of the density of the fluorescence was performed with ImageJ software (http://rsb.info.nih.gov/ij/). To measure securin-EGFP signal, the area occupied by the oocyte in each individual frame was defined manually and the mean fluorescence intensity (MFI) of the signal within this area was measured. Values were corrected for background fluorescence by subtracting the MFI of the area surrounding the oocyte at each time point. To control for the apparent differences in MFI levels between individual oocytes caused by discrepancies in the amount of injected mRNA, background-corrected MFI values were normalized to the value measured at the time of GVBD. The changes in APC/C activity (kd.APC) during meiosis were calculated from the securin-EGFP signal with MS Excel. The time derivative of the Securin curve (dS/dt) was approximated by the ratio of differences (DS/Dt) of subsequent time points. In order to reduce noise in the ratio of differences, the securin data were smoothed by calculating the average of three subsequent points (a three-point running mean).
DNA Constructs, Primers, mRNA Synthesis, and Statistical Analysis See Supplemental Data.
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